(Sn,Al)O x composite films with various aluminum (Al) to tin (Sn) ratios were deposited using an atomic layer deposition technique. The chemisorption behavior of cyclic amide of tin(II) and trimethylaluminum were analyzed by Rutherford backscattering spectroscopy. Both precursors showed retarded and enhanced chemisorption on Al 2 O 3 and SnO 2 surfaces, respectively. The films show highly anisotropic electrical conductivity, i.e. much higher resistivity in the direction through the film than parallel to the surface of the film. The cause of the anisotropy was investigated by cross-sectional transmission electron microscopy, which showed a nanolaminate structure of crystalline SnO 2 grains separated by thin, amorphous Al 2 O 3 monolayers. When the Al concentration was higher than ~35 at.%, the composite films became amorphous, and the vertical and lateral direction resistivity values converged toward one value. By properly choosing the ratio of SnO 2 and Al 2 O 3 subcycles, controlled adjustment of film electrical resistivity over more than 15 orders of magnitude was successfully demonstrated.
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I. Introduction
Tin oxide (SnO 2 ) is a transparent semiconductor with a wide band gap and electrical resistivity as low as 2 x 10 -4 Ω·cm and high infrared reflectivity, over 90%. [1] [2] [3] [4] These properties are achieved using ntype doping by substituting fluorine for about 1% of the oxygen. 5 The low electrical resistance and optical transparency in SnO 2 are widely used in applications such as solar cells, displays, touch controls and defrosting windows. 6, 7 Its high infrared reflectivity provides its energy saving properties in lowemissivity windows. 8 Some potential applications of SnO 2 would require high instead of low electrical resistance. For example, transparent thin film transistors for displays, 9-11 microchannel electron multiplier plates, [12] [13] [14] and hole-blocking layers in solar cells 15 would require highly resistive SnO 2 layers that still maintain high electron mobility. Native defects, such as oxygen vacancies and hydroxyl groups, normally contribute electrons to the conduction band. However, high resistivity requires a low concentration of electrons in the conduction band, so electrons from these native defects need to be trapped in order to obtain highly resistive SnO 2 . Electrons could be trapped by substituting nitrogen for oxygen, or substituting trivalent metals for tin. In this paper, we took the latter approach, and substituted aluminum (Al
3+
) for tin (Sn 4+ ). Thus by adding insulating Al 2 O 3 into SnO 2 , we explored the possibility of controlling its film resistivity over a wide range, forming (Sn,Al)O x composite materials. One advantage of using Al 2 O 3 for modulation of the conducting layer is that it can also be used as the electron emission layer in a microchannel electron multiplier plate. 13 Atomic layer deposition (ALD) can produce multi-component films with good control of their stoichiometry. This control of stoichiometry even extends to highly conformal films on complex structures with high aspect ratios, such as narrow holes. ALD involves sequential and self-limiting chemical reactions of precursor pulses on the surface of a growing film. [16] [17] [18] [19] [20] [21] [22] As a result, the films can be extremely smooth and continuous without pin-holes. These unique characteristics have made ALD one of the most popular techniques for new application areas of various nanotechnologies. [23] [24] [25] Multi-4 component ALD with the use of more than two cation precursors involves repetitive exposure of different precursors to heterogeneous surfaces. Differing chemisorption amounts of precursors on different oxide surfaces make it difficult to predict the composition of the films. [26] [27] [28] [29] Therefore, in-depth understanding of chemisorption of precursors on heterogeneous surfaces is necessary to control the composition and the electrical, optical, magnetic, and mechanical properties of the resulting films. [29] [30] [31] [32] [33] [34] One process for ALD of SnO 2 at low temperature has been reported, but the films were amorphous as deposited, and needed a high-temperature anneal to obtain crystalline material with significant mobility. 35 A recently reported ALD process overcomes this difficulty by using a more reactive tin source that deposits well-crystallized 36 The areal density of oxygen for an ultraviolet-ozone treated carbon substrate was measured to be ~2×10 14 atoms/cm 2 , which does not affect the oxygen signal which comes from a grown oxide film. The film density was calculated using the total mass of Sn, Al, and O atoms from RBS analysis and the film thickness obtained from X-ray reflectivity (XRR, Scintag, XDS 2000). High-resolution TEM (HRTEM, Jeol, JEM-2100) was employed for evaluation of the microstructures of the films.
Lateral-direction film resistivity was evaluated from a four-point probe (Veeco Instruments, FPP-100) and circular transmission line measurements. 40, 41 By using the circular transmission line method (inner radius: 50 μm, outer radii: 54-100 μm), we were able to measure sheet resistance of films up to ~10 10 ohm/sq. Indium was used for ohmic contacts. 42 I-V measurements were also performed to study the vertical electron flow through the film in order to estimate the thickness-normal resistivity. For the I-V measurements, films were deposited on HF-cleaned highly-doped n-type Si substrates and 30nm/2nm-thick Au/Cr top electrodes were formed with a shadow mask in an e-beam evaporator 7 (Sharon). The measurement of film thickness and refractive index was performed by spectroscopic ellipsometry (Woollam, WVASE32) and some films were cross-checked by XRR and TEM. Surface morphology of the deposited films was investigated by using atomic force microscopy (AFM, Asylum, MFP-3D SA). Water contact angle measurement (ChemInstruments, CAM-Plus) was performed to study the hydrophilicity of the films. (75% for SnO 2 ), which corresponds to ~50 at.% of both Al and Sn. Figure 3c shows the calculated film densities by using the total number of atoms counted by RBS and the film thicknesses obtained by XRR. The dotted line represents the expected densities predicted from the rule of mixture:
III. Results and discussion
where ρ Al2O3 and ρ SnO2 are film densities of pure Al 2 O 3 and SnO 2 films. It can be seen from Figure 3c that the actual density values deviate below the expected ones. The refractive indices also followed a similar trend (Table I) .
To understand the chemisorption behavior of each metal precursor, the relative atomic concentration of Sn and Al per growth subcycle is plotted in Figure 4 . Figure 6b , it is seen that SnO 2 grows as a polycrystalline phase (rutile structure) and its grain size varies roughly from 5 to 10 nm. 36 It is seen that crystalline grains overlap with each other, which indicates that From Figure 6d , it is also noted that SnO 2 crystallites form side-by-side on a plane normal to the growth direction. The thin amorphous layers observed between the SnO 2 layers are expected to be Al 2 O 3 or Al-O-Sn. 33 The number of those amorphous layers is 11, which is consistent with the total number of subcycles of TMA-H 2 O 2 except for the last subcycle, which is not distinguishable from the top glue The inhomogeneous distribution of Al in SnO 2 was further investigated by electrical measurements.
I-V measurements were carried out to evaluate the resistance to electron flow through the film perpendicular to its surface. Four point probe measurement was used to find the resistivity in the lateral direction, but the measurement limit was low (< 10 6 ohm/sq.). Thus, only samples with Al concentrations less than 10% could be measured in this way. Therefore, the circular transmission line method, 40 ,41 which provides a higher measurement limit (~10 10 ohm/sq.), was also used to study lateral electron flow parallel to the surface of the film. 
14
IV. Conclusions
We studied macroscopic properties of (Sn,Al)O x composite films, such as density, crystallinity, refractive index, resistivity, roughness, as well as growth rate of each layer, depending on the number of subcycles of Al 2 O 3 and SnO 2 . By using RBS analyses, the chemisorption behaviors of the aluminum precursor TMA and the Sn precursor CAT were determined. 
